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Modeling of Core Losses in Electrical Machine Laminations Exposed to High 
Frequency and Non-sinusoidal Flux 
Maged Ibrahim 
Electrical machines account for about 60% of the electricity consumption in 
industrial countries; hence a huge energy savings could be achieved by even a small 
increment in the machine efficiency. Improving the designs of electrical machines 
requires accurate quantification of the machine losses. A significant portion of the losses 
in electrical machines is caused by the core loss in the magnetic material. The physical 
mechanism of core losses is still an open problem, and most of the available core loss 
models are based on limited curve fitting techniques, instead of a physical understanding 
of magnetic material behaviour.  
In this thesis, a new method is proposed to separate the core loss components in 
laminations exposed to high frequency excitations. Accurate separation of core losses is 
achieved by calculating the hysteresis energy loss at each frequency, taking into account 
the flux density distribution. The results highlight that the conventional assumption of 
constant hysteresis energy loss per cycle is only valid at low frequencies, where skin 
effect is negligible. In addition to the new separation method, a physics based core loss 
model is developed to estimate core losses in electrical machine laminations exposed to 
non-sinusoidal flux. The developed model accounts for the effects of the non-uniform 
flux density inside the lamination. The model results are verified experimentally by 
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comparing with the measured core losses in laminations exposed to the flux waveforms 
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Chapter 1  
Introduction 
1.1 The Need for Core Loss Estimation 
Electrical machines utilize the majority of the electricity generated in the world. 
They account for about 45% of the global electricity consumption [1]; hence even a small 
improvement in machine efficiency can result in significant energy savings. The losses in 
electrical machines are conventionally divided into five groups: conductor losses, core 
losses, mechanical losses, and stray losses. 
Core losses in electrical machines account for a large portion of the total losses 
ranging from 15-25% in induction machines operating with sinusoidal supplies [2] and 
even higher for permanent magnet (PM) machines and switched reluctance (SR) 
machines. Improving the machine efficiency by design optimization requires accurate 
quantification of core losses during the machine design stage. The core loss models 
available in industry require a database of measured core losses in order to achieve 
accurate core loss quantification. Lamination core loss data are usually provided by steel 
manufacturers within a limited frequency and flux density ranges. These data are not 
adequate for the prediction of core losses in high speed electrical machines which require 
loss information at high frequencies and high flux densities. In addition, the flux 
waveforms in permanent magnet (PM) and switched reluctance (SR)   are naturally non-
sinusoidal. This causes an increase in the specific core losses, and makes it difficult to 
accurately predict the machine losses using the conventional curve fitting models that 




1.2 Review of Core Loss Models 
Core loss modeling has been a subject of interest since the 1800’s. Based on an 
experimental study in 1892, Steinmetz [3] presented his two term formulation for core 
loss modeling. In his work, the core loss in a magnetic material is considered the addition 
of hysteresis and eddy current losses. The total core loss is represented by,  
22BfKfBKP e
n
h                                                  (1.1) 
hK  and eK  are the hysteresis and eddy current loss coefficients, which can be extracted 
from the experimental data, and n  is a Steinmetz constant equal to 1.6. This formula is 
still the most used core loss model in electrical machine design. However, The Steinmetz 
hysteresis loss flux density exponent n
 
is found to be dependent on the material type, as 
well as the flux density. The constant hysteresis loss exponent is only applicable for flux 
densities lower than 1T, which is lower than the flux density level in electrical machines. 




















                                                               (1.3) 
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are the electrical field intensity, the magnetic flux density,  the magnetic 
field intensity, and the current density respectively. From the solution Maxwell’s 
equations with an assumption of uniform magnetic field distribution, the eddy current loss 
coefficient eK  can be expressed as function of the material electrical conductivity    and 
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the lamination thickness L2   as, 






K e                                                                 (1.5) 
The eddy current loss with the loss coefficient calculated by (1.5) is known as the 
classical eddy current loss. It has been found that the actual eddy current losses are higher 
than the calculated classical eddy current losses. The difference is known as the excess 
losses.  The excess losses are traditionally explained by the domain structure and the 
domain dynamics [3]. Based on the statistical loss theory, Bertotti [4] proposed an 
additional term to account for the excess losses. Therefore, the Steinmetz core loss 
formula was modified to, 




h                                         (1.6)                                                             
where exK is dependent on the material micro-structure, the conductivity, and the cross 
sectional area of the lamination. The coefficients of the three-term formulation are 
generally obtained from the measured core loss data.  However, the calculated losses from 
(1.6) are only accurate within a certain frequency and flux density range. In more recently 
developed models [5, 6], this range is extended by allowing the coefficients to vary with 
the frequency and the flux density.  However, the determination of these variable 
coefficients requires additional core loss data at high frequencies and high flux densities. 
It has been demonstrated in [7] by means of finite element (FE) simulation that the 
excess losses are attributed to the non-uniform distribution of the magnetic field inside the 
lamination resulting from skin effect and the non-linear diffusion of the magnetic flux [8, 
9]. Therefore, the total core losses can be represented by the hysteresis and eddy current 
losses considering the realistic field distribution. The calculation of core losses by FE 
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simulation is not practical in electrical machine design, which requires fast core loss 
calculations. An analytical model is reported in [10] to calculate the eddy current loss 
taking the skin effect into account.  However, the loss formula in [10] was found to be 
only applicable in the low flux density region. Therefore, the formula is not adequate for 
electrical machine design, as many machines operate in the saturation region.  
1.3 Thesis Objective 
The objective of this thesis is to achieve a better understanding of the behavior of 
magnetic materials at high frequency, and to develop a core loss model that that is derived 
from the physical characteristics of core loss mechanism in magnetic materials, and can 
quantify the core losses in electrical machine laminations exposed to high frequency and 
non-sinusoidal flux.  
1.4 Thesis Outline 
The thesis is divided into five chapters. Chapter two presents a detailed 
description of the measurement equipment, followed by a comparison of core loss 
measurements obtained from various standardized test fixtures. Chapter three presents a 
new method of core loss separation that accounts for the non-uniform magnetic field 
distribution inside the lamination. The separation method is then employed to investigate 
the effect of the annealing process on core loss components in laminations exposed to 
high frequency excitations. In chapter four, an analytical core loss model is developed to 
predict core losses in electrical machine laminations exposed to non-sinusoidal flux. The 
model results are then compared to the measured losses in laminations exposed to the flux 
waveforms in different sections of an inset PM machine, and a 6/4 SR machine. Chapter 
five concludes the thesis, and proposes future research work.   
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Chapter 2  
Core Loss Measurement  
The American Society of Testing and Materials (ASTM) have standardized three 
test fixtures for core loss measurements: Epstein frame, toroid tester and single sheet 
tester [11-14]. This chapter compares the measured core losses from the three testers over 
a wide range of frequencies. Discrepancies in the core loss components (hysteresis and 
eddy currents), and magnetic permeability measured by the three testers are shown and 
analyzed.  
Core loss measurements are carried out using two test systems; a custom designed 
commercial system used for sinusoidal core loss measurements, and a test bench 
developed at Concordia University to carry out core loss measurements in laminations 
subjected to non-sinusoidal flux. 
2.1 Test Fixtures 
2.1.1 Epstein Frame 
 This is the most commonly used test fixture in industry. The Epstein frame is 
preferred by steel manufacturers because it is easy to assemble, and it has acceptable 
representation of the magnetic properties of the material. However, the Epstein frame has 
its own errors. First, the leakage flux around the joints has been found to cause errors 
[15]. Besides, the assumption of 94cm effective magnetic path length is not an accurate 
value of the actual flux path length.  In order to reduce the effect of anisotropy on core 
loss measurements, laminations are loaded onto the frame so that longitudinal samples, 
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cut along the rolling direction, are inserted in opposite limbs, and transverse samples, cut 
across the rolling direction, are inserted in the other two opposite limbs.  
The experimental testing on the commercial system is performed using a 352-turn 
Epstein frame. The frame is designed to allow core loss measurements for frequencies up 
to 4 kHz. The experimental testing on the test bench is performed using two Epstein 
frames; a standard 700-turn Epstein frame for core loss measurements at frequencies 
lower than 400Hz, and an especially designed 280-turn Epstein frame [18] for higher 
frequency measurements. 
The 700-turn Epstein frame, shown in Fig. 2.1, can be loaded with up to 64 strips. 
The high number of strips along with the high number of secondary turns induces a 
secondary voltage with low distortion for core loss measurement at low frequencies and 





)(s                                                          (2.1) 
where )(s tv  is the instantaneous secondary voltage, sN  is the number of secondary turns, 
A  is the area of the samples, and )(tB is the instantaneous flux density.   
 It is clear from (2.1) that the 700-turn frame requires high secondary voltage in 
order to drive the samples to high flux densities at high frequencies. The required induced 
voltage can be reduced by optimizing the number of turns and the sample’s area. 
Therefore, the 280-turn Epstein frame is used for high frequency testing. The number of 
turns is reduced to 280 with maximum of one strip per limb, as shown in Fig. 2.2. The 





Figure 2.1: 700-turn Epstein frame. 
 
Figure 2.2: 280-turn Epstein frame. 
 
2.1.2 Toroid Tester 
The geometry of this tester is similar to the core of radial flux machines, as the 
flux forms a closed path inside the toroid, thus avoiding the corner effects in the Epstein 
frame. However, the longer preparation time makes them less desirable.  
The design parameters of the toroids are small sample mass and fewer turns to 
allow high flux densities to be reached at high frequencies, without exceeding the drive 
capabilities of the measurement equipment.  The toroids used for testing with the 
commercial system have 120 primary turns and 120 secondary turns. The sample width is 
reduced to 0.415 cm. The design of the toroids aims to keep the primary voltage below 
the rated voltage of the equipment, while testing at 4 kHz. 
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2.1.3 Single Sheet Tester 
 It is the easiest to prepare and setup of the three testers as it only needs one 
Epstein strip. However, the single sheet tester suffers the same defects of the Epstein 
frame, as the flux is only measured at the center of strips. The major drawback of this 
tester is that it is dependent on the results of the Epstein frame and toroid tester for 
calibration [16].  
Experimental testing is performed using a Nickel iron yoke single sheet tester with 
an effective  magnetic path length of 25.4 cm. Measurements performed using  the single 
sheet tester are done separately on one longitudinal sample and one transverse sample, the 
two test results are then averaged. This method allows good representation of an Epstein 
frame test.  
2.2 Sinusoidal Measurements  
The magnetic testing of the samples under sinusoidal excitations is performed 
using an especially designed commercial Donart test system. The measurements are based 
on ASTM-A343 [11].  The commercial system, shown in Fig. 2.3, is capable of automatic 
sinusoidal core loss measurements using the Epstein frame, toroid tester, and the single 
sheet tester.  It is fully customized for high frequency testing with increased drive 
capabilities of 120V/15A, and enhanced measurement capabilities, as it includes sample 
temperature monitoring used for testing above 1 kHz.  The Epstein frame test has a test 
frequency range of 20 Hz – 4 kHz.  Core loss measurements in this range allow the 
gathering of core loss data that are not generally provided by steel manufacturers. 
Due to the non-linearity of the magnetic materials, when the primary winding of 
the test fixture  is excited with sinusoidal waveforms, the flux density, and therefore the 
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induced secondary voltage tends to be distorted, especially near saturation. This distortion 
affects the accuracy of core loss determination, as the peak flux density is used as the 
reference magnetic quantity. The commercial system uses feedback control to ensure that 
the secondary voltage remains sinusoidal during saturation.  Feedback control is used for 
testing at frequencies lower than 400Hz. Before each test, the samples are demagnetized 
by increasing the excitation current slowly until saturation is reached then decreasing it 





Figure 2.3: Donart test system 
2.3 Non-sinusoidal Measurements 
    This section presents the test bench developed at Concordia University to 
perform core loss measurements in electrical machine laminations exposed to non-
sinusoidal flux. The flux waveforms in electrical machines are obtained by FE simulation. 




2.3.1 The Need for Non-sinusoidal Core Loss Measurements 
 The flux waveforms inside many machines, such as PM and SR machines are 
non-sinusoidal. The estimation of core losses in these machines is a highly non-linear 
problem, since many factors have to be considered, such as the distribution of magnetic 
field inside the lamination, minor hysteresis loops, and the flux DC component. 
Therefore, the sinusoidal core loss data is not sufficient to validate the core loss models 
used in the design of PM and SR machines. The estimation of core losses is usually done 
in the post processing stage of the finite element analysis. The core losses at each element 
is calculated using the established localized flux density waveforms, then the total core 
loss is calculated by summing the calculated core losses in all the mesh elements. The 
calculated total core losses can be verified experimentally by comparing to the measured 
machine core losses. However, this requires building and testing the machine in order to 
obtain the actual machine core losses, which is impractical during the machine design 
stage. Also this method does not achieve accurate verification of the core loss models, as 
the flux density waveforms differ in each part of the machine, and therefore the measured 
core losses represent the average losses in the machine core.  
2.3.2 Test Bench Description 
The test bench, shown in Fig. 2.4, uses the Epstein frame to carry out core loss 
measurements in laminations exposed to non-sinusoidal flux. The system schematic 
diagram is shown in Fig. 2.5. It uses Matlab Simulink to generate the excitation 
waveform, and a DSPACE board (DS1103) is used for real time simulation. The 
excitation signal is sent through a DAC to a high bandwidth amplifier, which excites the 
Epstein frame primary winding. The core losses are measured using a power meter. A 
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current probe and a voltage probe are used to measure the excitation current and the 
induced secondary voltage, respectively. The peak flux density pB  is used as the 
reference magnetic quantity in the non-sinusoidal core loss measurements [17]. pB  at a 
certain frequency f  can be obtained from the average rectified secondary voltage aveV  
using [17],                                                                       









                                                         (2.2) 
This expression is only valid when there are no minor loops in the main hysteresis loop. 
Since the minor loops can be produced by the distorted flux waveforms in electrical 
machines, the instantaneous flux density is calculated from the induced secondary 
voltage, and the peak flux density is obtained and considered the reference magnetic 
quantity. 






























Figure 2.5: Schematic diagram of the test bench. 
 
The test bench is calibrated by comparing sinusoidal core loss measurements with 
the results obtained from the commercial system using the 352-turn Epstein frame. Core 
loss measurements for frequencies up to 400Hz are performed using the 700-turn frame, 
while higher frequency measurements are performed using the 280-turn frame. The 
results in Fig. 2.6 show good correlation between core loss data obtained from the two 
systems, with the 280-turn frame achieving higher flux densities at high frequencies. 





















































2.4 Comparison of Toroid Tester and Epstein Frame Results 
Comparative measurements are performed using steel from the same roll arranged 
into Epstein samples and toroid cores. Core loss components (hysteresis and eddy current) 
are separated by extrapolating the measured core loss per cycle vs. frequency curves at 
different flux densities to zero frequency. The hysteresis energy loss per cycle is assumed 
equal to the power loss at zero frequency. The total hysteresis loss at any frequency is 
obtained by simply multiplying the extrapolated hysteresis energy loss per cycle by the 
operating frequency.  
 From the core loss results, shown in Fig. 2.7, it can be seen that higher losses are 
measured by the toroid tester for all the testing frequencies from 60Hz to 4 kHz. The 
higher losses measured by the toroid tester at 60Hz are mainly attributed to the significant 
increase in the hysteresis loss component in the toroid core, as shown in Fig. 2.8. The 
increase in the toroid core hysteresis losses has great impact on the measured total losses 
at low frequencies, where the hysteresis loss is the dominant loss component, as can be 
seen from the distribution of core loss components, displayed in Fig. 2.9.  These higher 
hysteresis losses are caused by the magnetic damage produced by shearing stress. This 
has a greater impact on the toroid sample, because it has a lower sample area than the 
Epstein sample. This magnetic damage can also be observed in the measured magnetic 
permeability, shown in Fig. 2.10, where it can be clearly seen that the toroid samples have 
reduced magnetic permeability compared to the Epstein samples. Much of this magnetic 
damage can be recovered by applying stress relief annealing after cutting the samples 
[20]. This emphasizes the importance of annealing on the final product for improved 
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machine efficiency especially for small motors. However, the increased cost makes this 
prohibitive for low cost commodity products.  
From Fig. 2.9 at high frequencies, it can be seen that the hysteresis losses form a 
smaller portion of the total core losses, but still the measured core losses with the toroid 
tester are higher than the Epstein frame losses. These higher losses are mainly caused by 
the higher eddy current loss component in the toroid cores, as shown in Fig. 2.11. The 
higher eddy currents can be created by the cutting stress which increases the eddy 
currents in the toroid cores where short circuit paths are introduced on the edges of the 
laminations. In addition, the reduced magnetic permeability in the toroid samples has a 
direct impact on the eddy current losses, as the resistance of the eddy current path 
depends on the effective area of magnetic field. The magnetic field distribution inside the 
lamination is affected by the magnetic permeability. 
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Figure 2.10: Comparison of the magnetic permeability measured by the Epstein frame 





























































2.5 Comparison of Single Sheet Tester and Epstein Frame 
Results 
Comparative measurements are performed using the Epstein frame and the single 
sheet tester for frequencies from 60Hz to 400Hz. Measurements conducted using the 
single sheet tester  are done on one longitudinal sample and one transverse sample. The 
results show that the measured core losses are higher in the transverse samples.  It can be 
seen from the separated core loss components in Fig. 2.12 that the increase in the core 
losses is caused by an increase of the hysteresis loss component in the transverse samples, 
while the eddy current losses are independent of the cutting arrangement.  







Eddy  Current - L














Figure 2.12: Comparison of core loss components in longitudinal (L) and transverse (T) 
samples measured by the single sheet tester at 60Hz for M19G29. 
 
Core loss results obtained from the two testers for frequencies up to 400Hz are in 
good agreement, as shown in Fig. 2.13. However, this is not the case in the measured 














permeability could be caused by miscalculation of the magnetic field strength that is 
attributed to the accuracy at which the magnetic path length is assumed in both the 
Epstein frame and the single sheet tester. 
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Figure 2.13: Comparison of the core loss measured by the Epstein frame and the single 
sheet tester for M19G29. 
























Figure 2.14: Comparison of the magnetic permeability measured by the Epstein frame 















Comparative sinusoidal measurements at various frequencies have been performed 
on the commercial Donart system using the three standardized test fixtures.  
Discrepancies have been found in the core loss and permeability measured by the Epstein 
frame and toroid tester with reduced sample size. While the core loss data obtained from 
the single sheet tester and the Epstein frames are in good agreement, deviations have been 
found in the measured magnetic permeability by the two test fixtures. In addition to the 
commercial system, a test bench has been developed to carry out core loss measurements 














Chapter 3  
Core Loss Separation 
This chapter presents a new method for the separation of core loss components 
(hysteresis and eddy current) in laminations exposed to high frequency excitations. 
Accurate separation of core losses is achieved by calculating the hysteresis losses at each 
frequency taking into account the non-uniform flux density distribution inside the 
lamination. The developed model is then employed to separate the hysteresis and eddy 
current loss components in annealed and un-annealed laminations. The results are then 
used to study the effect of the annealing process on core loss components in laminations 
exposed to high frequency excitations.  
3.1 Review of Core Loss Separation Methods 
Ideally, the static hysteresis energy loss per cycle is calculated by measuring the 
area enclosed by the hysteresis loop under static excitation. However, the measurement of 
the static hysteresis loop requires special instrumentation [21]. When the magnetic 
material is exposed to a time varying magnetic field, the area enclosed by the measured 
hysteresis loop represents the total core loss per cycle, which includes both the hysteresis 
and eddy current loss components.  Therefore, an alternative method is usually used to 
calculate the hysteresis energy loss per cycle using core loss measurements at different 
frequencies. In this method, the hysteresis loss per cycle is separated by extrapolating 
core loss per cycle vs. frequency curves at different flux densities to zero frequency. The 
power loss at zero frequency represents the hysteresis energy loss per cycle. Fig. 3.1 
illustrates the separation of core loss components by the extrapolation method.   
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    In the extrapolation method, the hysteresis energy loss per cycle is assumed 
independent of the frequency, and the total hysteresis loss is simply calculated by 
multiplying the static hysteresis energy loss per cycle by the operating frequency. This 
assumption is only valid at low frequencies, where the magnetic field across the 
lamination is uniform. When the lamination is exposed to a time-varying magnetic field, 
eddy currents are generated inside the lamination. These eddy currents, according to 
Lenz’s law, produce a secondary magnetic field that opposes the applied field. The eddy 
current magnetic field is maximum at the center of the lamination, where the 
contributions of all eddy currents add, and minimum at the lamination surface. The actual 
magnetic field inside the lamination is the summation of the applied field and the eddy 
current field. Therefore, the distribution of the actual magnetic field is non-uniform across 
the lamination thickness, being maximum at the surface and minimum at the center of the 
lamination. The confinement of the magnetic field around the lamination surface is 
known as skin   effect [22].  At low frequencies, the generated eddy currents are small, 
and skin effect can be neglected. At high frequencies, skin effect is significant, and the 
peak flux density differs across the lamination thickness. As a result, the local hysteresis 
loop and the hysteresis energy loss per cycle vary at each point inside the lamination. This 
variation affects the total hysteresis energy loss per cycle, making it dependent on the 
magnetic field distribution, which is strongly affected by the frequency.  Therefore, the 
separation of core loss components by the extrapolation method, assuming constant 
hysteresis energy loss per cycle, is only valid at low frequencies. When skin effect is 
significant at high frequencies, accurate core loss separation requires taking skin effect 

































Figure 3.1: Separation of core losses by the extrapolation method. 
 
 
To achieve an accurate core loss separation, a dynamic finite element model for 
the non-linear hysteresis loop is adopted [23]. The model was originally developed in 
[24]. In the model, Maxwell’s Equations are solved using the finite element method, 
where the hysteresis at any location of the material is represented by an energetic 
hysteresis model [25].  The total losses are assumed to be composed of eddy current and 




















                                               (3.2) 
where eP  is the eddy current loss in unit mass and unit time, hP  is the hysteresis loss in 























eddy current density in the lamination. 
Table 3.1 compares the hysteresis losses calculated by the FE model and the 
extrapolation method for three different materials. It can be seen that at 50Hz the 
hysteresis losses obtained from the two methods are in good agreement. While at 1000Hz, 
the extrapolation method shows large errors in the hysteresis loss determination compared 
to the FE results for the three materials. At low frequencies, the magnetic field is uniform 
across the lamination, and the impact of skin effect on the hysteresis losses can be 
neglected. While at higher frequencies, skin effect is significant. This causes a deviation 
between the actual and the static hysteresis energy loss per cycle at high frequency. 
Therefore, it is only justified to use extrapolation at low frequencies.  
Accurate separation of core loss components can be achieved by the FE model. 
However, the long computation time makes it impractical to use for establishing an 
extensive database of core loss components for various materials at different frequencies 
and flux densities. Therefore, an alternative method needs to be developed.    
 
Table 3.1: Comparison of  hysteresis losses calculated by FE model and extrapolation.  
 





%  Error** 
M19 G29 
50 0.77 0.80 3.75 
1000 15.37 20.53 25.13 
Mill A annealed 
50 1.06 1.06 -0.21 
1000 21.23 32.30 34.27 
Mill A un-annealed 
50 6.02 6.03 0.18 
1000 120.33 136.99 12.16 
*At a flux density of 1T. 






3.2 Finite Section Method 
This section presents a fast and efficient method for the separation of core losses 
at high frequencies using an analytical model to describe the flux density distribution 
across the lamination. 
3.2.1 Determination of the Static Hysteresis Loss 
The static hysteresis energy loss per cycle is obtained from the measured core 
losses at two frequencies. These frequencies are chosen so that the influence of skin effect 
on the core loss components is negligible. When skin effect is negligible, the hysteresis 
energy loss per cycle is independent of frequency and the total hysteresis losses can be 
obtained by multiplying the frequency by the static hysteresis energy loss per cycle.  
Also, the eddy current energy loss can be assumed to change linearly with the frequency. 
Thus, the total energy loss can be simply represented by, 
het WfW                                                               (3.3)                                                                   
hW  , and e are the hysteresis energy loss per cycle, and the eddy current loss coefficient. 
These parameters can be calculated using the measured energy loss data 1W  and  2W  at 
two frequencies 1f and 2f , these frequencies should be within a frequency range at which 
the skin effect is negligible. The static hysteresis energy loss per cycle can be calculated 
by,  








                                                       (3.4) 
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The hysteresis loss formula in (1.1) with constant flux density exponent is found 
to be only applicable at low flux densities. In order to extend it to higher flux densities, 
the formula was modified in [5, 26] to,  
                                          
2
)( cBbBahh BKBW
                                               (3.5)        
where hK , a , b and c  are curve fitting constants obtained from the separated hysteresis 
energy loss per cycle by (3.4) at four values of flux density. 
3.2.2 Distribution of Flux Density 
In order to study the influence of skin effect on high frequency hysteresis losses, a 
flux distribution model is adopted. The flux density amplitude at a dimensionless position 


















ByB bp   ,                                     (3.6) 






     ,                                                    (3.7) 
bB ,  ,  , are the flux density amplitude at the boundary, the angular frequency, and the 
magnetic permeability, respectively.  
The measured parameter in the experiment is the average flux density aveB  which 
deviates from the flux density at the boundary, when skin effect is present. The   peak 
































































bave BB                              (3.8) 
(3.6) and (3.8) are obtained from the solution of Maxwell’s equation with an assumption 
of a linear magnetic material. However, the distribution of flux density is dependent on 
the magnetic permeability which varies along the hysteresis curve depending on the flux 
density level. The variation of magnetic permeability affects the distribution of flux 
density across the lamination thickness, being non-uniform for high values of magnetic 
permeability and more uniform for low values of permeability at low fields and near 
saturation. To account for the variation of field distribution with the flux density level, the 
magnetic permeability is allowed to vary with the flux density. Therefore, the 
permeability is expressed as a 4th order polynomial,  




210 )()()()()( aveaveaveave BKBKBKBKKB                    (3.9)                     
where 0K  to 4K are curve fitting coefficients obtained from the measured magnetic 
permeability at low frequency. Using (3.6-3.9), the distribution of flux density across the 
lamination at a certain measured average flux density can be calculated, knowing the 
operating frequency and the properties of the lamination.  
In order to validate the analytical flux model, its results are compared with the 
flux waveforms obtained from the FE model. The results, in Fig. 3.2, show good 





locations inside the lamination. This means that the analytical flux model can calculate 
the peak flux density across the lamination thickness, and therefore can be used to 
determine the local hysteresis loops. 
  
 
Figure 3.2: Comparison of FE and analytical flux density waveforms at different 
locations for un-annealed laminations at 1000Hz.  
 
When skin effect is significant, the value of the measured average flux density is 
no longer an accurate measure of the actual flux density inside the lamination which 
differs in magnitude at each point across the lamination thickness. In addition to the 
magnitude variation caused by skin effect, there is also a phase difference in the flux 
density waveforms at different points across the lamination. This time delay causes the 
peak flux density at different points to occur at different instants of time, and therefore the 
measured average flux density is not necessarily the average value of these peak flux 














high frequency is no longer equal to the static hysteresis energy loss per cycle at a certain 
measured average flux density. Therefore, accurate quantification of hysteresis losses at 
high frequency requires considering the realistic flux distribution inside the lamination. 
 
3.2.2 Model Description 
A model is implemented to achieve accurate quantification of high frequency 
hysteresis losses, taking into account the realistic flux distribution. The calculation starts 
with constructing the flux density distribution across the lamination thickness using (3.6-
3.9). The lamination is then divided into n sections. At each section, the hysteresis energy 
loss per cycle is calculated from (3.5), depending on the value of the peak flux density. 
The total hysteresis loss is then calculated by summing the power loss of all the sections. 
Fig. 3.3 illustrates the variation of hysteresis loops across the lamination thickness. A 
flow chart of the model is shown in Fig. 3.4. 
The model results, displayed in Fig. 3.5, show that the hysteresis energy loss per 
cycle increases at high frequencies, especially when skin effect is significant at high 
values of magnetic permeability. While at low fields and near saturation, the hysteresis 
energy loss per cycle is almost equal to its values at low frequencies. This variation 
affects the hysteresis loss curve, making it more linear at high frequencies. This implies 
that the flux density exponent in the original Steinmetz equation should be a function of 













Figure 3.3: Illustration of the variation of hysteresis loops across the lamination. 
 
 Construct the flux density distribution across the lamination thickness
Divide the lamination thickness into    sections
Calculate the peak flux density       at each section   
Calculate  
                




















Figure 3.4: Flow chart of the model. 
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The model results are compared with the hysteresis losses calculated by the FE 
model and the extrapolation method. Table 3.2 compares the hysteresis losses obtained by 
the three methods at different frequencies of 1T and 1.5T for un-annealed laminations. It 
can be seen that the model results are in good agreement with the FE hysteresis losses at 
all the tested frequencies up to 2000Hz. In addition, at low frequency, when skin effect is 
negligible, the extrapolation method shows good accuracy compared to the model and FE 
results. At high frequency, the hysteresis losses calculated the extrapolation method 
shows large errors up to 17.65% at 2000Hz and 1T compared to the model results.  Also, 
it is clear from Table 3.2 that the variation of the hysteresis energy loss per cycle with 
frequency is more severe at 1T than at 1.5T where the magnetic field distribution is more 
uniform. 
 














































































Loss  [W/kg] 




% Error * 
50 
1.00 6.03 6.02 0.18 6.00 0.41 
1.50 10.93 10.90 0.32 10.90 0.33 
200 
1.00 24.60 24.07 2.18 24.16 1.79 
1.50 44.04 43.60 1.00 43.70 0.76 
600 
1.00 76.35 72.20 5.45 75.98 0.49 
1.50 133.09 130.80 1.72 133.91 -0.61 
1000 
1.00 136.99 120.33 12.16 136.50 0.36 
1.50 222.31 218.00 1.94 226.14 -1.72 
2000 1.00 313.46 240.65 23.23 292.22 6.77 
* Based on the respective FE results. 
 
3.3 Effect of Annealing on Core Loss Components  
The finite section method is used to separate the measured core losses in annealed 
and un-annealed laminations into hysteresis and eddy current loss. The separated losses 
are then used to analyze the effect of annealing on core loss components in laminations 
exposed to high frequency excitations. 
3.3.1 Total Loss  
Comparative core loss measurements are performed on dry, wet annealed and un-
annealed laminations with 0.61mm thickness at various frequencies in the range of 20Hz 
– 4000Hz. Fig. 3.6 shows that the particular annealing process (wet or dry) does not affect 
the total core loss measured at different frequencies.  
Table 3.3 shows a comparison of the measured core loss in the annealed and un-
annealed samples at different frequencies. From Table 3.3, it is clear that a significant 
reduction in the low frequency core loss is achieved by annealing. This reduction 
decreases with raising the frequency, until the effect of annealing on the total core loss 
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can be neglected at high frequencies and high densities, as shown in the measured core 
loss in Fig. 3.7. In addition, the magnetic properties of the material are recovered by 
annealing. This can be clearly observed in the measured magnetic permeability, shown in 
Fig. 3.8. 













Dry  - 60Hz
Dry  - 200Hz
Dry  - 600Hz
Dry  - 2000Hz


















Figure 3.6: Effect of the particular annealing process on the measured total core loss. 
 
 










20 1 2.4531 0.5487 77.63 
50 1 6.734 1.9778 70.62 
60 1 8.4422 2.5647 69.62 
200 1 38.299 18.188 52.5 
600 1 193.3 130.14 32.67 
1000 1 424.11 323.54 23.71 
2000 1 1211.5 1104.9 8.80 
4000 0.85 2508.6 2424 3.37 




































































































3.3.2 Hysteresis Loss  
The reduction in the total core loss at low frequency achieved by annealing is 
mainly attributed to the reduction in the hysteresis loss component, shown in Fig. 3.9.The 
reduction in the hysteresis loss by annealing was also reported in [16, 20]. The hysteresis 
loss is the dominant loss component at low frequencies. This can be seen from the ratio of 
hysteresis to eddy current at different frequencies in Fig. 3.10. At high frequency, the 
reduction in the hysteresis losses has less impact on high frequency core losses, as the 
eddy current loss forms the larger portion of the total core losses. Moreover, the 
hysteresis energy loss per cycle increases at high frequency due to skin effect. Since the 
magnetic field distribution in steels with high permeability tends to be non-uniform, the 
hysteresis loss is more likely to be influenced by skin effect in the annealed samples. 
 








































































Figure 3.10: Ratio of hysteresis to eddy current losses at different frequencies. 
 
 
3.3.3 Eddy Current Loss  
While the annealing process is beneficial in terms of reducing the hysteresis loss 
and improving the magnetic properties of the material, it causes an increase in the eddy 
current loss. Fig. 3.11 shows the effect of annealing on eddy current loss at 1T and 1.5T. 
It can be observed that the eddy current loss at 1T is less affected by annealing for 
frequencies lower than 1000 Hz. For higher frequencies, the eddy current loss is higher in 
the annealed samples. At 1.5T, the annealing increases the eddy current loss at all the 



































Figure 3.11: Effect of annealing on the eddy current loss. 
 
In order to study the effect of annealing on eddy current loss, the measured eddy 
current loss is compared with the results obtained from an analytical eddy current loss 
formula that accounts for the non-uniform distribution of magnetic field at high 







































































































P        (3.10) 
As shown in Fig. 3.12, the formula predicts eddy current loss in the un-annealed 
sample accurately, while a significant deviation is found between the predicted and 




















underestimated substantially. The formula is based on the solution of Maxwell’s 
equations with an assumption of linear magnetic material. According to this assumption, 
the eddy current loss should be reduced in the annealed samples, where skin effect is 
more significant due to its high magnetic permeability, as illustrated in Fig. 3.13, this 
forces the eddy currents to flow in a smaller area, increasing the resistance of the eddy 
current path and limiting the induced eddy currents, and thus reducing the eddy current 
losses, as shown in the calculated loss in Fig. 3.14.   In contrast, the measured eddy 
current loss in the annealed samples is much higher than the predicted values and even 
higher than the eddy current loss in the un-annealed samples.  
 
 





















Flux Density [T] 
 38 
 




























Figure 3.13: Effect of the permeability on magnetic field distribution at 200 Hz. 
 



























The annealing process changes the magnetic properties of the material. This can 
be clearly seen in the measured hysteresis loops before and after annealing, shown in Fig. 
3.15 and 3.16, respectively. Below the knee of the lower branch of the hysteresis curve 
for annealed samples, it is clear that a small change in the magnetic field causes a large 
increase in the flux density. While beyond the knee, the flux density variation is small 
corresponding to large changes in the magnetic field. This distinctive shape of the 
hysteresis loop in the annealed samples causes the local flux density to follow almost 
rectangular profiles. The steep edges of the local flux density waveforms increase the 
eddy current loss in the annealed samples, especially at high flux densities, where the 
rectangular profiles of flux density are more pronounced. Therefore, the assumption of 
constant magnetic permeability is not able to represent the magnetic behavior of the 
annealed laminations. Moreover, the annealing process causes the grain size of the 
magnetic material to increase.  Growing larger grains is associated with the existence of 
more widely spaced domain walls, which means that the individual walls have to move 
faster to produce certain flux change. The rapid movement of walls increases the eddy 
current loss as the eddy currents are located at the moving domain walls [27]. The effect 
of domain structure on eddy current loss can be neglected in the un-annealed samples, as 














3.4 Summary  
A model has been implemented to calculate the hysteresis losses taking into 
account the non-uniform flux distribution. The results show that the assumption of 
constant hysteresis energy loss per cycle is only valid at low frequencies where skin effect 
is negligible. While at high frequency, the flux density amplitude varies at each point 
inside the lamination. As a result, the hysteresis energy loss per cycle increases, and tends 
to change linearly related to the flux density. 
Comparative core loss measurements have been performed on annealed and un-
annealed samples at various frequencies up to 4000Hz. Accurate separation of core loss 
components is achieved by using the developed separation model. The annealing process 
is found to decrease the hysteresis losses, while the eddy current losses are higher in the 











Chapter 4  
Prediction of Core Losses under Non-sinusoidal 
Flux 
 4.1 Core Loss Modeling 
Most of the available core loss models in electrical machine design software are 
based on the assumption of uniform magnetic field distribution inside the lamination [3, 
4]. However, this assumption is not valid in the laminations exposed to high frequency 
excitations, where skin effect is pronounced.  The conventional core loss models can be 
extended to higher frequencies by using variable core loss coefficients, which are 
extracted from the measured core losses [5]. The ranges of frequency and flux density, at 
which accurate core loss prediction can be achieved, are dependent on the available core 
loss data under sinusoidal excitations. However, the actual flux waveforms inside many 
machines, e.g., permanent magnet (PM) machines and switched reluctance (SR) machines 
are non-sinusoidal and differ in different parts of the machine. In addition, the flux 
distortion can be caused by the distorted supplies, e.g., pulse width modulation (PWM) 
inverter fed induction machines. Since, there is an infinite number of possible flux 
waveforms in electrical machines, it is impractical to depend on the non-sinusoidal core 
loss measurements in the determination of the core loss under distorted flux. Due to the 
non-linear nature of the core loss mechanism, the estimation of core loss by curve fitting 
that use the sinusoidal core loss data can cause errors in the core loss estimation when the 
flux waveforms are distorted. Therefore, the calculation of core losses in laminations 
exposed to non-sinusoidal flux should be performed using a physics based core loss 
model that is derived from the physical characteristics of the core loss mechanism in 
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magnetic materials, and can describe the non-linear nature of core losses under any 
distorted flux.  
This chapter presents a physics based core loss model for the determination of 
core losses in laminations exposed to non-sinusoidal flux, taking into account the non-
uniform distribution of the magnetic field inside the lamination. The results are verified 
experimentally by comparing to the measured losses in laminations exposed to the flux 
that exist in different sections of SR and PM machines. 
4.1.1 Eddy Current Loss Modeling 
Eddy currents are induced in the laminations when it is exposed to a time varying 
magnetic field; these currents produce a secondary magnetic field that opposes the 
applied field. The eddy current magnetic field causes the total magnetic field to become 
non-uniform across the lamination thickness, as the field magnitude at the lamination 
surface is higher than its magnitude at the center of the lamination. This phenomenon 
(skin effect) is pronounced when the lamination is exposed to high frequency excitations, 
especially for thicker laminations. The confinement of the magnetic field to the 
lamination surface changes the effective resistance of the eddy current path, as the eddy 
currents circulate through a smaller area, which increases the resistance of the eddy 
current path, and therefore decreases the eddy current losses in the lamination. This 
explains why the classical eddy current loss formula that assumes a uniform magnetic 
field distribution overestimates the eddy current losses, when the laminations are exposed 
to high frequency magnetic field.  
The magnetic field distribution can be obtained analytically from the solution of 
Maxwell’s equations with an assumption of constant magnetic permeability   [10]. In a 
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lamination exposed to a sinusoidal surface magnetic field with an amplitude 0H , the 
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Many analytical models are presented in the literature to calculate the eddy current 
loss in electrical machine laminations taking into account the non-uniform magnetic field 
distribution inside the lamination. The eddy current losses calculated using the material 
properties and the lamination dimensions are much lower than the total measured eddy 
current losses. The difference is usually compensated by extracting the coefficient from 
the experimental data [29], or by using variable core loss coefficients that requires using 
high frequency core loss measurements [26]. The main reason for this divergence stems 
from the fact that the developed formulas express the eddy current loss as a function of 
the peak flux density at the boundary
bB , and the calculated losses are compared to the 
measured eddy current loss at a certain measured peak flux density. However, the 
measured flux density in the experiment represents the average flux density over the 
lamination, which deviates from the flux density at the boundary when the skin effect is 
significant [10]. The peak average flux density over the lamination can be calculated by 
(3.8), and the eddy current losses at certain measured peak average flux density can be 




In order to ensure that the skin effect is pronounced, the calculated loss by (3.10) 
is compared to the measured eddy current loss in fully processed M19G24 laminations at 
400 Hz.  It is observed that the eddy current loss calculated by (3.10) underestimates the 
loss, especially at high flux densities.  This divergence is mainly attributed to the 
assumption of constant magnetic permeability. This assumption means that the flux 
density at any position in the lamination is linearly related to the field intensity.  While 
this assumption allows an analytical solution of Maxwell’s equation, the actual magnetic 
permeability in the lamination is not constant. The variation of the magnetic permeability 
is summarized below, 
1. The permeability is dependent on the position inside the lamination. Fig. 4.1 
shows the flux density variation in time for M19G24 at 400Hz. It can be seen that, due to 
skin effect, the flux density waveforms differ in magnitude and phase along the 
lamination thickness. This causes different hysteresis loops to occur at different points 
inside the lamination. With the differential permeability defined as the local slope of the 
hysteresis loop, the permeability is changing along the lamination thickness with the 
variation of the hysteresis loops. 
2. At a certain position inside the lamination, the differential permeability is also 
changing in time, as the local slope of the hysteresis loop is varying during the electrical 
cycle of the local magnetic field, being maximum at coercivity, and decreasing towards 
the tip of the local hysteresis loop. 
3. The permeability is also affected by the value of the peak measured average 
flux density, as the local hysteresis loop wave shapes is strongly dependent on the flux 





Firure 4.1: Illustration of flux density variation in time and space for M19G24 at 
400Hz, with (a) and (b) being the simulated hysteresis loops at the surface 
and center of the lamination, respectively.  
 
The choice of the effective magnetic permeability is a critical factor in the 
determination of the eddy current losses, as its value controls the magnetic field 
distribution inside the lamination. It is observed that the skin effect increases for higher 
values of permeability. The decrease in the effective area of the magnetic field due to a 
higher permeability increases the resistance of the eddy currents path, and decreases the 
eddy current loss calculated by (3.10) for the same peak average flux density. Higher 
losses are reported in [10] by choosing the effective permeability according to the value 
of the magnetic field at the boundary. The calculated losses are higher than the 
measurements because the value of magnetic permeability substituted in Maxwell’s 
equation describes the relationship between the flux density and the field intensity at any 
















is much lower than the field at the boundary, due to skin effect. Therefore, the magnetic 
permeability chosen according to the field at the boundary does not reflect the 
permeability variation inside the lamination, hence the overestimation of the eddy current 
loss.  
In order to account for the variation of the magnetic permeability through the 
lamination, the permeability is chosen according to the average flux density through the 
lamination, this parameter can be easily obtained from experiment. The magnetic 
permeability variation in time is approximated by considering the slope of the line from 
the origin of the hysteresis loop to the peak flux density. The permeability that represents 
the material magnetic behavior is obtained from low frequency measurements, where the 
magnetic field is uniform through the lamination. This permeability is expressed as a 
function of the peak average flux density 
avB  with a 4
th
 order polynomial. Therefore,  is 
modified to, 










  ,                                                     (4.2) 



















































































































































              (4.3)  
where EK  is a factor derived from the Pry and Bean model that accounts for the 
concentration of the eddy currents around the domain walls [27]. While the original 
model was derived based on a simple domain structure that does not consider the domain 
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wall bowing at high frequencies, the eddy current loss calculated by (4.3) surprisingly 
shows good correlation with the measured eddy current losses over a wide range of 
frequencies up to 2000 Hz for M19G29. Fig. 4.2 shows a comparison between the results 
of different eddy current loss formulas compared to the measured losses. It is clear that 
the developed model predicts accurately the eddy current losses, unlike the classical 
formula 
clP  that overestimates the losses at high frequency and the loss formula eP  with a 
constant permeability, extracted from the low flux region of the hysteresis curve, which 
underestimates the eddy current loss.  































Firure 4.2: Comparison of different eddy current loss formulas with the measured losses 
for M19G24 at 400Hz. 
 
For any particular flux waveform with a fundamental frequency
1f , the flux 
density is decomposed into a Fourier series of harmonics. The contribution of each 
component into the eddy current loss is calculated based on the magnitude of the 
harmonic, and the harmonic frequency which determines the flux penetration of the 
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1),(                                              (4.4) 
4.1.1 Hysteresis Loss Modeling 
The hysteresis energy loss is generally assumed independent of the flux rate of 
change. However, this assumption is not accurate when the skin effect is pronounced at 
higher frequencies. The skin effect causes the magnetic field distribution to be non-
uniform through the lamination, therefore the peak flux density varies in different parts of 
the lamination, this causes local hysteresis loops, and therefore the local hysteresis energy 
loss per cycle to differ at different points inside the lamination. The hysteresis loss at high 
frequencies can be calculated by constructing the magnetic field distribution across the 
lamination. However this procedure is computationally expensive, especially when the 
flux density waveform is non-sinusoidal, as it becomes difficult to obtain the flux density 
distribution using analytical models. Therefore, this method is not suitable for core loss 
determination in finite element (FE) machine design software, which requires fast core 
loss calculation at each mesh element.  Therefore, the total hysteresis energy loss is 
assumed to be only dependent on the flux density amplitude, wave shape, and the 
fundamental frequency. The total hysteresis loss is calculated by the addition of the 
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where n  is the number of minor hysteresis loops per half cycle, and B  is the magnitude 
of the minor loop [30]. The coefficients hK , a , b and c  can be obtained from the 
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separated hysteresis loss by (2.1). 
4.2 Core Losses in Permanent Magnet (PM) Machines 
In PM machines the ratio of iron to copper losses is high, thus a potential 
improvement in the machine efficiency can be achieved by reducing the core losses with 
an optimized machine design [16]. In addition, the prediction of PM machine temperature 
is essential, since the temperature rise affects the flux density of the permanent magnets, 
and therefore the machine output torque capability [31]. Prediction of machine 
temperature requires considering all sources of power loss. One of these heat sources is 
the core loss. The difficulty of core loss prediction in PM machines is caused by the flux 
distortion in the machine core, as the flux waveforms differ in different parts of the 
machine, and they also vary with the machine loading condition.  
 The machine under consideration is a 4 pole 24 slot PM machine with inset 
permanent magnets for the additional reluctance torque. The machine was originally 
designed in [32] for use as a traction motor in a lift truck application. 
4.2.1 Flux Waveforms 
The flux waveforms in different sections of the machine are obtained using 
MagneForce FE software. These waveforms are generated in the laminations using the 
test bench, and the specific core losses in various sections of the machine core are 
measured.  
 In order to calculate the flux density variation in the machine core, the finite 
element simulation is performed for several rotor positions in order to construct the flux 
density waveforms during one electrical cycle. The flux density waveforms are obtained 
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when the machine is operating at no-load and under loading conditions. Fig. 4.3 and 4.4 
show the flux distribution of the inset PM machine at no-load and full load, respectively. 
 





Firure 4.4: Flux distribution of the inset PM machine at full-load. 
 
 
The flux density magnitude in a certain mesh element is obtained from the two 
orthogonal components xB  and yB from, 
22
yx BBB                                                        (4.6) 
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Fig. 4.5 shows the flux density variation in the middle of the stator tooth when the 
machine is operating at no-load. Since there is no armature flux, the flux waveforms in 
the machine core is only attributed to the rotation of the magnets, the flux density in the 
stator tooth rises linearly when the rotor magnet leading edge passes by the stator tooth, 
and it remains almost constant, while the tooth is fully covered by the magnet. When the 
magnet trailing edge passes by the tooth, the flux density decreases linearly until it 
reaches zero and it remains constant until the leading edge of the next magnet begins to 
pass by the tooth [31, 33]. Fig. 4.6 shows the flux density variation in the stator yoke. The 
flux density waveform follows approximately a trapezoidal function, as the flux density 
rises linearly from the negative plateau to the positive plateau when the magnet traverses 
the considered point [31, 33]. The flux variation in the rotor can be neglected, as the 
magnet flux is stationary from the rotor side.  
 




















































When the machine is operating under loading conditions, the flux flowing in the 
machine core is resultant from the reaction between the flux of the magnets, and the flux 
generated by the armature current. The flux generated by a certain stator current in an 
inset PM machine is larger than the flux generated in a surface PM machine with the 
same stator construction and operating with the same stator current. This is attributed to 
the different reluctance of the stator flux magnetic circuit. Surface PM machine has air 
between the magnets, while in inset PM machine this region is filled with iron, which has 
much larger magnetic permeability than the air.  This decreases the reluctance of the 
stator flux magnetic path and increases the flux created by the armature winding from the 
same magneto motive force (mmf). The increase in the armature flux, when the machine 
is operating at full load, causes large deviations in the flux density waveforms in the 



























































stator flux is rotating at the same speed as the rotor, and therefore it can be assumed static 
from the rotor side. The flux density waveforms in the stator tooth and the stator yoke 
when the machine is operating at full load are shown in Figs. 4.7 and 4.8, respectively. It 
is clear that the flux density deviates in magnitude and waveform from the flux density 
obtained at no-load. Therefore, the simplified models for core loss modeling in PM 
machines which neglect the armature flux, presented in [31, 33], are not valid in the case 
of inset PM machines operating under loaded conditions. 
4.2.2 Core Losses 
The flux waveforms in the stator tooth and the stator yoke of the machine at no 
load and full load, displayed in Figs. 4.5-4.8, are generated in the Epstein frame 
laminations using the test bench. The measured core losses with these waveforms are 
shown in Fig. 4.9. It can be observed that the core losses measured using the PM machine 
flux waveforms at no-load are higher than the losses measured with sinusoidal flux at the 
same frequency. Also, the stator tooth flux at no-load generates higher core losses in the 
laminations than the stator yoke flux. From the measured losses with the flux waveforms 
at full load, it can be seen that there is a significant increase in the core losses measured 
with the stator tooth flux, which is much higher than the stator yoke losses, and the losses 
measured with the sinusoidal flux. 
The Fourier series analysis is applied to all the flux waveforms in Figs. 4.4-4.8. The 
harmonic ratios of the flux waveforms are shown in Table 4.1. It can be observed that 
there is high harmonic content in the stator tooth flux at no-load, with the 5
th
 harmonic 
being 15% of the flux waveform peak. The harmonic content in the stator tooth flux 
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 harmonics are 31% 
and 15 % of the waveform peak, respectively.  







Stator Tooth - No load
Stator Yoke - No load
Stator Tooth - Full load
Stator Yoke - Full load
Sinusoidal













Firure 4.9: Comparison of the measured core losses with the flux waveforms in the 
stator tooth and the stator yoke of the inset PM machine at no-load, and full-
load. 
 



















1 1.035 1.080 1.082 0.878 
3 0.061 0.050 0.308 0.091 
5 0.152 0.027 0.151 0.027 
7 0.056 0.011 0.051 0.012 
9 0.007 0.001 0.036 0.010 
11 0.007 0.000 0.010 0.009 
















The core losses are estimated using the model presented in section 4.1. The total core loss 
is considered the addition of the hysteresis loss calculated by (4.5) and the eddy current 
loss calculated by (4.4). The first 13
th
 harmonics are used for the eddy current loss 
determination. Figs. 4.10-4.13 compare the calculated core losses with the measured 
losses for the flux waveforms in Figs. 4.5-4.8, when the machine is running at 1912 rpm. 
It is clear that the calculated losses are in excellent agreement with the measured losses 
for the four flux waveforms. It also can be observed that the increase in the losses 
measured by the stator tooth flux is mainly attributed to the increase in the eddy current 
loss component caused by the high harmonic content in the stator tooth flux.  
 
 

























Firure 4.10: Comparison of calculated and measured core losses for the flux waveform in 





























Firure 4.11: Comparison of calculated and measured core losses for the flux waveform in 
the stator tooth of the inset PM machine at no-load. 
 
 
























Firure 4.12: Comparison of calculated and measured core losses for the flux waveform in 

































Firure 4.13: Comparison of calculated and measured core losses for the flux waveform in 
the stator tooth of the inset PM machine at full-load. 
 
4.3 Core Losses in Switched Reluctance (SR) Machines 
The difficulty of core loss prediction in SR machines is attributed to the nature of 
flux, as the flux waveforms are non-sinusoidal, and vary in different parts of the machine. 
The flux waveforms also change with the machine configuration, e.g., number of stator 
poles, rotor poles, and number of phases. In addition, the flux waveforms inside the 
machine are affected by the operating conditions, such as operating speed, commutation 
conditions, and the current waveforms [34-38]. 
4.3.1 Flux Waveforms 
Fig. 4.14 shows the flux distribution of a 6/4 SRM when the machine is operating 
at 900 rpm. The flux density variation in time at a certain mesh element is obtained from 
the simulation results at different rotor positions.  In some parts of the machine, the flux 
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does not only vary in magnitude, but the variation also includes the change of flux angle 
relative to a localized reference axis [37].   Since the test bench uses the Epstein frame for 
core loss measurements, it cannot be used to measure this kind of rotational core loss. The 
Epstein frame can only measure the core loss under alternating flux in one direction. 
Therefore, the flux analysis is simplified by only considering the magnitude variation of 
the flux density, with the flux direction defined by a reference axis that is dependent on 
the position of the mesh element. The flux density direction can be assumed radial in the 
stator pole and rotor pole, and circumferential in the stator core and rotor core [37]. 
Therefore, the two orthogonal flux density components xB  and yB  at a certain mesh 
element are resolved into radial and circumferential components depending on the 
position of the mesh element.  The direction of the flux in the stator and rotor pole is 
defined by the sign of the radial flux component, and flux direction in the stator and rotor 
core is defined by the sign of the circumferential flux component.   
    Figs. 4.15-4.18 show the calculated flux density waveforms in different parts of 
the machine when it is running at 900 rpm. As shown in Fig. 15, the flux density 
waveform in the middle of the stator pole is almost unipolar, with some fluctuations in the 
negative direction. These fluctuations occur when the phase is turned off, and the other 
phases are conducting. During this period, the flux density direction is almost 
circumferential. It can be observed from the stator core flux waveforms, shown in Fig. 
4.16, that there is also a small DC component in the stator core flux. From Figs. 17 and 
18, it can be seen that the flux waveforms in the machine rotor are symmetric and do not 
include any DC component. Also, the rotor flux differs in magnitude and waveform from 




Firure 4.14: Flux distribution of a 6/4 SRM running at 900 rpm. 
 
 



















Firure 4.15: Flux density waveform in the stator pole of a 6/4 SRM. 
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Firure 4.17: Flux density waveform in the rotor pole of a 6/4 SRM. 
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Firure 4.18: Flux density waveform in the rotor core of a 6/4 SRM. 
 
 
4.3.2 Core Losses 
The Fourier series analysis is applied to the SR flux waveforms, shown in Figs. 
4.15-18. Table 4.2 shows the ratios of peak harmonics to the waveform peak for the flux 
waveforms in different parts of the machine. The stator flux has a fundamental frequency 
of 60Hz, while the fundamental frequency is 45Hz for the rotor flux. From table 4.2, it is 
observed that the 1
st
 harmonic of the stator pole flux, is equal to 46% of the peak flux, and 
the 2
nd




 harmonics are also the dominant 
frequencies in the stator core flux as they are 87% and 33% of the peak flux. For the rotor 









harmonics to the peak flux are 73% and 23% in the rotor pole, and the ratios are 98% and 















Stator Pole Stator Core Rotor Pole Rotor Core 
1 0.460 0.866 0.730 0.977 
2 0.162 0.330 0.000 0.001 
3 0.055 0.035 0.238 0.299 
5 0.019 0.035 0.023 0.025 
7 0.017 0.014 0.042 0.040 
9 0.006 0.002 0.005 0.023 
 
The DC component in the stator flux complicates the measurement of core losses, 
as it is impossible to measure the DC component of the flux in the Epstein frame 
laminations from the induced secondary voltage, which is generated by the flux rate of 
change. Due to the difficulties associated with core loss measurements with DC 
component, core loss measurements are only performed using the rotor flux waveforms. 
These flux waveforms are generated in the Epstein frame laminations using the test 
bench. Fig. 4.19 shows the measured core losses when the laminations are exposed to the 
flux waveforms in different parts of the rotor. It is clear that the losses measured in the 
laminations exposed to the flux waveforms in the SR machine rotor are higher than the 
losses measured with sinusoidal flux at the same frequency. Also, the rotor core flux 
generates higher losses in the laminations than the rotor pole flux.  
The measured losses are also compared with the calculated losses by (4.4) and 
(4.5). Figs. 4.20 and 4.21 compare the measured and calculated losses for the rotor pole 
and rotor core flux, respectively.  It can be seen that the calculated core losses are in good 
agreement with the measured losses. From Figs. 4.20 and 4.21, it is observed that the 
higher losses measured with the rotor core flux are mainly attributed to the higher eddy 
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current loss, due to the higher harmonic content in the rotor core flux. Also, the 
fluctuations in the rotor core flux generate minor hysteresis loops. These also increase the 
hysteresis losses in the rotor core. 























Firure 4.19: Comparison of the measured core losses with the flux waveforms in the 
rotor pole and rotor core of a 6/4 SR machine. 
























Firure 4.20: Comparison of calculated and measured core losses for the flux waveform in 






































Firure 4.21: Comparison of calculated and measured core losses for the flux waveform in 




A physics based core loss model is developed to calculate the losses in machine 
laminations exposed to non-sinusoidal flux. The developed model takes into account the 
non-uniform distribution of magnetic field inside the lamination. The results are verified 
experimentally by measuring the core losses in laminations exposed to the flux 
waveforms in an inset permanent magnet (PM) machine, and a 6/4 SR machine. The flux 
waveforms in different sections of the machines are obtained using FE simulation. The 
comparison between measured and calculated core losses shows excellent agreement, 





Chapter 5  
Conclusions and Future Work 
5.1 Conclusions 
Core loss measurements over a wide range of frequencies are performed using the 
three standardized test fixtures: Epstein frame, toroid tester and single sheet tester. The 
discrepancies in the measured core losses and permeability amongst the three testers are 
shown and analyzed. The toroid tester with reduced sample size is found to produce 
higher losses than the Epstein frame and the single sheet tester for all the tested 
frequencies. Also, the measured permeability by the toroid tester is lower than the 
permeability measured by the other two testers. While the core losses measured by the 
Epstein frame and the single sheet tester are in good agreement, deviations are found in 
the measured magnetic permeability. These results show that the core loss measurements 
are strongly affected by the sample size as well as the measurement technique.  
Based on the understanding of the magnetic material behavior at high frequencies, 
an analytical model is presented to study the influence of magnetic field distribution on 
the hysteresis losses in laminations exposed to high frequency excitations. The model 
results show that the hysteresis energy loss per cycle is dependent on skin effect, and 
therefore the magnetic field frequency. These results highlight that the common 
assumption of the hysteresis energy loss being independent of the frequency is not true 
when skin effect is pronounced at high frequency. The model presents a fast and efficient 
method of core loss separation. The developed model is then employed to separate the 
measured core losses in annealed and un-annealed laminations at several frequencies into 
the hysteresis and eddy current loss components. The annealing process is found to 
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reduce the hysteresis losses and improve the magnetic properties of the laminations. 
However, it increases the eddy current losses at high frequencies and high flux densities. 
Since the flux waveforms in many electrical machines are distorted, a test bench is 
developed at Concordia University to carry out core loss measurements in laminations 
exposed to non-sinusoidal flux. The flux waveforms in different sections of an inset PM 
machine are obtained using FE simulation. Core loss measurements with the flux 
waveforms in the stator tooth and the stator yoke of the machine show a significant 
increase in the specific core losses in the stator tooth, especially when the machine is 
operating under load. Also, the flux waveforms in a 6/4 SR machine are calculated by FE 
simulation. Core loss measurements performed using the flux waveforms in the rotor pole 
and the rotor core of the machine show that the measured specific core losses in the 
laminations subjected to the rotor core flux are higher than the losses measured with the 
rotor pole flux. Also, for both the inset PM machine, and the 6/4 SR machine, large 
deviations are found between the core losses measured with sinusoidal flux and the core 
losses measured with the simulated flux waveforms in the machines. Therefore, a physics 
based core loss model is developed to predict the core losses in machine laminations 
exposed to non-sinusoidal flux. The model results for various flux waveforms in PM and 
SR machines are compared to the measured losses with the same flux waveforms. The 
calculated losses are found to be in excellent agreement with the measured losses for all 




5.2 Future Work 
 The finite section method, presented in Section 3.2, can be used to develop a 
hysteresis loss formula that accounts for the variation of the hysteresis energy loss 
with frequency. 
 Integration of the developed core loss model, presented in Section 4.1, into FE 
machine design software. 
 Developing a test system that can measure the flux DC component. 
 Conduct further investigations on the modeling of minor hysteresis loops. 
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